Peptide-functionalized (PF) hydrogels are being widely investigated by the tissue engineering and regenerative medicine communities for a broad range of applications because of their unique potential to mimic the natural extracellular matrix and promote tissue regeneration. In order for these complex material systems to perform their intended bioactive function (e.g., cell signaling), the peptides that are tethered to the hydrogel matrix must be accessible at the hydrogel surface for cell-receptor binding. The factors influencing the surface accessibility of the tethered peptide mainly include the length of the tethers, the loading (i.e., concentration) of the peptide, and the association between the tethered peptide and the hydrogel matrix. In the present work, the authors developed coarse-grained molecular models based on the all-atom polymer consistent force field for a type of poly(ethylene glycol)-based PF hydrogel and conducted molecular simulations to investigate the distribution of the peptide within the hydrogel and its surface accessibility as a function of tether length and peptide concentration. The calculated results of the effects of these design parameters on the surface accessibility of the peptide agree very well with corresponding experimental measurements in which peptide accessibility was quantified by the number of cells attached to the hydrogel surface per unit area. The developed modeling methods are able to provide unique insights into the molecular behavior of PF hydrogels and the distribution of the tethered peptides, which can serve as a guide for hydrogel design optimization.
I. INTRODUCTION
Peptide-functionalized (PF) hydrogels are synthetic biomaterials containing low concentrations of bioactive peptides that are covalently tethered to the hydrogel matrix. PF hydrogels represent the most widely used material system in tissue engineering and regenerative medicine applications because of their potential to mimic the extracellular matrix and direct cellular response. [1] [2] [3] [4] [5] [6] [7] A typical PF-hydrogel system is composed of a polyethylene-glycol (PEG)-based matrix tethered with bioactive amino-acid sequences, such as arginine-glycine-aspartic acid (RGD). The PEG matrix is nonionic and highly hydrophilic and generally provides a high degree of biocompatibility for many soft-tissue applications. The matrix itself is inherently resistant to nonspecific cell adhesion and protein adsorption, with the tethered bioactive peptides providing the potential for cell signaling to direct a specific cellular response. The RGD amino-acid sequence is one of the most widely used cell-adhesion-promoting peptides, which has been found in numerous extracellular matrix proteins, including collagen I, fibronectin, fibrinogen, and vitronectin. [8] [9] [10] [11] In order for PF hydrogels to function as desired, it is essential that the bioactive peptides contained within the hydrogel matrix are presented in a manner that provides for their accessibility (or bioavailability) at the hydrogel surface for cell-receptor binding. For example, if the tether is too short, the peptide may not be available at the hydrogel surface. 12 Alternatively, if the tether is too long or too strongly associated with the hydrogel matrix, the peptide may be trapped within the hydrogel, again limiting its availability for cell signaling. While bioactivity can be experimentally probed for different hydrogel compositions and designs by an appropriate set of assays, experimental methods alone are limited in their ability to interpret the molecular basis for measured differences in bioactivity. Due to this limitation, bioactive hydrogel systems have often been optimized using trial-and-error approaches. While effective, such trial-and-error approaches are limited in their ability to identify optimal hydrogel designs because the design space for these complex materials is enormously large. In contrast, molecular modeling and simulation methods hold the remarkable potential to understand, visualize, and predict the behavior of tethered peptides within a hydrogel network and how the properties of bulk hydrogels, linkers, and peptides affect peptide accessibility individually or by combinations. Since molecular models of PF hydrogels have not been previously developed, the objective of this research was therefore to develop molecular simulation methods to provide this capability and demonstrate their ability to serve as a powerful tool for PF-hydrogel design to optimize their bioactivity for the biomaterials community.
A number of molecular modeling studies on crosslinked polymer networks have been reported over the last couple decades. [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] A review of these studies was given in Ref. 28 . Numerical schemes have also been developed specifically for PEG-based systems. Examples include the studies of conformation and hydrodynamics of PEG, 32 the interfacial a) Electronic mail: latourr@clemson.edu properties of PEG surfactant/water, 34, 35 PEG-contained proton-exchange membranes, 22 PEG-contained lipid systems, 33 and the development of kinetic models to predict growth, crosslink density profiles, and the level of ligand incorporation for PEG hydrogels. 36 Recently, molecular simulations were conducted to study the behavior of an individual peptide-polymer conjugated construct composed of a peptide sequence of four phenylalanine amino acid residues linked to a single 100-mer PEG chain to examine the influence of the polymer backbone on the conformation of a tethered peptide. 37 None of these previous studies, however, have used molecular modeling methods to simulate and predict the behavior of a tethered peptide sequence within a crosslinked hydrogel matrix, let alone the availability of a tethered peptide for cell-receptor binding, which is essential for cell signaling.
While previous molecular modeling studies have been reported for crosslinked polymers and hydrogels using allatom (AA) models, [13] [14] [15] [16] [17] coarse-grained (CG) models, [18] [19] [20] [21] [22] [23] and lattice models, [24] [25] [26] [27] each of these individual methods has its own limitations. In modeling, the crosslinking process is typically modeled as a collision process in which crosslinking happens when two linkable chain ends meet. Due to slow diffusion of chain segments in a densely entangled environment, molecular dynamics (MD) methods based on AA and even CG models are very difficult to generate and equilibrate models of crosslinked polymer networks at experimental densities for direct comparison with experimental systems. And, while lattice-model methods provide an efficient approach for constructing crosslinked polymer-network densities matching experimental systems, the restrictions of the lattice (such as lack of atomic detail, artificial discrete degrees of freedom and the short range and isotropic nature of the interactions 38 ) result in physically unrealistic structural distortions of the network. To overcome the individual limitations of each method on its own, we recently developed and validated a modeling toolset designed specifically for the simulations of PF hydrogels. 39 The toolset consists of three consecutive parts: (1) building a global crosslinked PF hydrogel network using a "guided" lattice model based on Monte Carlo (MC) methods, (2) recovering the local molecular structure of the network by transitioning from the lattice model to an off-lattice CG model, and (3) recovering an AA structure of the PF hydrogel network by reverse mapping from the CG structure.
The CG force field is the core component bridging models at these different time and length scales. In this work, we have parameterized the CG model of a class of PEG-based hydrogels with different lengths of pendant arms (i.e., tethers) presenting an RGD sequence. The CG parameter library was developed based on the polymer consistent force field (PCFF). [40] [41] [42] [43] Combined with the CG force field and the multiscale modeling toolset, we constructed molecular models of RGD-functionalized PEG-based hydrogels and analyzed the dependence of the accessibility of the RGD peptide at the hydrogel surface on the length of tether linking the peptide to the hydrogel matrix and the peptide loading (i.e., concentration) within the hydrogel matrix. To evaluate the performance of the simulation methods, we compared the simulation results with corresponding experimental measurements given by Jia et al. 12 for the accessibility of the RGD segments at the surface of these same PEG-based PF hydrogels as determined by cell-binding density. The simulation results were further analyzed to provide information on the predicted average orientation of peptide at surface and the critical surface density of the peptide needed to maximize cell adhesion to the hydrogel surface, which we propose to also be important design parameters for the optimization of PF-hydrogel bioactivity.
II. MATERIALS
For a given PEG-based PF hydrogel system, the tether length, peptide concentration, and the association between the tethered peptide and the hydrogel matrix are the primary factors influencing the accessibility of the tethered peptides at the hydrogel surface. To examine the effect of these factors and compare our modeling results with corresponding experimental results given by Jia et al., 12 we constructed molecular models of PF-hydrogel with a similar set of design conditions that were used in the experimental work. The PEG-based PF-hydrogels that were studied in this work contain two types of crosslinkable monomers, as shown in Fig.  1 . The matrix of the hydrogel was composed of poly(ethylene glycol) diacrylates (PEGDA) with 700 Da molecular weight (corresponding to n ¼ 12 in Fig. 1 ). The tethered peptide sequence was Arg-Gly-Asp-Ser-Pro (RGDSP). The Nterminal of the peptide was linked by a series of Gly (G) segments to a methacrylate tether, by which the peptide was attached to the PEGDA matrix. The number (m ¼ 2, 4, and 6) of Gly linkers between the peptide and the methacrylate (i.e., G 2 , G 4 , and G 6 ) controls the length of the tether. The ratio of the two types of crosslinkers can be varied precisely by controlling the stoichiometry during hydrogel synthesis to achieve different peptide concentrations within the hydrogel matrix. In this study, we modeled nine concentrations of the peptide (1.7, 3.4, 5.1, 6.8, 8.5, 10.2, 11.9, 13.6, and 15.3 mM), each with three different tether lengths (G 2 , G 4 , and G 6 ), thus generating 27 different hydrogel systems in all.
III. SIMULATION METHODS

A. Coarse-grained method
All simulations were conducted using a three-step multiscale modeling toolset developed in house. The details of the lattice, CG, and AA methods in each step of the toolset were introduced in a previous paper. 39 In a coarse-graining process, 44, 45 several atoms are grouped together and represented by a bead with the mapping point being taken as the center of mass of each group of atoms. Figure 1 illustrates the strategy used to coarse-grain the two types of crosslinkers (PEGDA and MethG m RGDSP) and the copolymer network formed by them. This CG strategy includes ten types of beads, labeled as A, B, C, D, E, F, G, P, R, and S (Table I) , 14 types of bonds (Table II) , 20 types of bond angles (Table  III) , and 29 types of dihedral angles (Table IV ). In addition, similar to the Martini CG force field, 46 the water molecules are also represented by a CG scheme, in which four atomic waters are represented by one single bead. Therefore, there are two more types of CG bead, WP4 and BP4 (Table I) , used to represent water and antifreeze molecules, respectively, 46, 47 as addressed in Sec. IV A. The potential terms that needed to be parameterized included bonded terms for bond stretching (E stretch ), bond-angle bending (E bend ), and bond rotation (E torsion ), and a nonbonded term represented by van der Waals (vdW) interactions (E vdW ). For each interaction term, the CG parameters were derived using the iterative Boltzmann inversion of the corresponding atomistic distribution functions obtained from AA MD simulations of small structure units immersed in explicit water using the PCFF TIP3P water model. 48 During the iterative procedure for a particular distribution, the rest of the potentials were kept constant. According to the suggestion of Reith et al., 49 the potential terms were optimized in a descending order of their relative strength, with parameterization thus systematically developed in the order of
For each bonded interaction term, the CG parameters were derived by mapping the structure distribution functions obtained from MD simulations of each of the 4-mer segments ( Fig. 1 and Table IV ) represented in the hydrogel structure immersed in explicit waters represented by CG and AA models. The probability distributions of bond lengths and bond angles were first fitted by a Gaussian function, which were then Boltzmann-inverted to provide the potential equations of bond stretching and bond-angle bending. In this way, the bond stretching and angle bending potentials were computed by
(1)
where l and h are bond length and angle, and k B and T are the Boltzmann's constant and temperature, respectively, and (l c , K b ) and (h c , K h ) are parameter sets obtained from the fitting of the bond-length and bond-angle distributions, respectively. The torsional potential was then calculated by a threefold Fourier progression formula, i.e.,
where / is the dihedral angle, and K n and d n are force constants and phase angles, respectively. Finally, the nonbonded vdW interactions were represented by the Lennard-Jones 9-6 potential form that is used in the PCFF force field [40] [41] [42] [43] 
where e ij is the depth of the potential well, r ij is the vdW radius that corresponds to r ij when E vdW is at its minimum value, and r ij is the distance between a pair of CG beads. The parameterization of the vdW interactions were conducted by an inverted Boltzmann method 50, 51 in which a numerical potential was determined iteratively by matching the radial distribution functions (RDF) obtained from CG and AA models for each type of CG bead unit. To parameterize the vdW interactions, we developed and equilibrated AA models of aqueous solution (10 wt. % solute; approximate composition of experimentally synthesized hydrogels 52 ) for each type of low molecular weight compound that has similar chemical structure as the corresponding superatom entity defined in the CG model ( Fig. 1 ). The parameters e and r for the same-type CG beads were then obtained by mapping the RDF obtained from the CG model to the RDF of the equivalent AA models. For unlike bead pairs i and j, we then used a sixth-order combining rule, which is conventionally used in PCFF (Refs. 39, 40, and 53) to calculate the off-diagonal parameters
It is noted that CG beads R and D represent the side chains of arginine (Arg) and aspartic acid (Asp), which are positively (þ1) and negatively (À1) charged, respectively. For nonbonded interactions between same or different types of charged bead pairs, the current nonbonded interaction parameterization procedure includes both van der Waals and the electrostatic interactions. Specifically, when we mapped the RDFs calculated from CG models onto those calculated from AA models for the charged beads, we adjusted not only the parameters r and e but also the dielectric constant to get best mapping results (see Sec. IV A). The vdW parameters for the CG bead representing water were obtained based on the Martini CG parameters for water. 46, 47 Specifically, we used the RDF profile of CG water calculated based on Martini force field as a target, and the Martini nonbonded parameter pairs of r and e for water as an initial guess, and then modified the value of e in our calculations based on PCFF until the RDF of CG water calculated based on PCFF matched the target Martini profile. Note that when mapping to all-atom simulation results of RDF, the vdW parameters r and epsilon are difficult to determine unambiguously since multiple pairs may perform similarly well (e.g., bigger R and smaller epsilon give similar vdW interactions). We therefore used the similar water CG model as that defined in the Martini method, and chose to use the same r and only adjusted the value of based on PCFF.
B. Simulation setup
The CG model of the hydrogel network composed of PEGDA and MethG n RGDSP includes 29 types of dihedrals in total. To parameterize the bonded interactions including bond-stretching, bond-angle-bending, and bond-rotation interactions, we constructed AA and corresponding CG models of aqueous solutions of 29 types of 4-mer conformers. Each 4mer conformer represented four successively connected units in the coarse-graining strategy presented in Fig. 1 . For the AA models of aqueous solutions of the 4-mer conformers, each model contained one conformer type capped with methyl groups at each end. A 60-ns MD simulation was then conducted for each conformer system represented by the AA and CG models in a cubic box with dimensions 24 Â 24 Â 24 Å 3 . Periodic boundary conditions were applied in all dimensions. The resulting probability distribution plots for each bond type were then used along with Eqs. (1)-(3) for the fitting of the CG parameters for bond-stretching, bond-anglebending, and bond-rotation interactions, respectively.
The CG model of water is similar to the standard Martini water model, in which one CG bead represents four atomistic water molecules and is charge neutral. To parameterize the nonbonded vdW interaction, a water box containing 535 CG beads was built with 40 Â 40 Â 40 Å 3 dimensions and periodic boundary condition. The vdW parameter r was fixed to be 4.7 Å , which is the same as the value in the standard Martini force field, 46 and the parameter e was adjusted to match the calculated RDF onto the corresponding result obtained in Ref. 47 .
To parameterize the nonbonded vdW interactions for the ten types of beads forming the PF-hydrogel network, we developed AA models of aqueous solutions of low molecular weight compounds that had similar chemical structure as each type of bead defined in the CG model (Fig. 1) . The AA models of aqueous solution containing 10 wt. % of each type of compound were built in a 40 Â 40 Â 40 Å 3 box with periodic 
À0.0500 À0.0600 À0.0300
À1.5700 À1.1900 À0.7600 0 p/3 0 boundary condition. The ends of each compound were capped with hydrogen atoms. MD simulations were then conducted to equilibrate each system for 5.0 ns at 295 K. Correspondingly, we also built CG models of aqueous solutions for each type of bead and conducted similar MD simulations with adjusted the vdW parameters to match the RDFs obtained from the corresponding all-atom simulations.
To validate the CG parameters for bonded and nonbonded interactions in the hydrogel network, we constructed four other independent systems composed of aqueous solutions of single 37-mer poly(ethylene oxide) (PEO37), 16-mer polyglycine (GLY16), single PEGDA, and single MethG 4 RGDSP chains represented by both AA and CG models. Each of these solutions was built in a 40 Â 40 Â 40 Å 3 box with periodic boundary condition and then equilibrated by a 60-ns MD simulation. The resulting chain conformations, which were characterized by the root-mean-square of the radius of gyration and end-to-end distance, were obtained from these simulations and then compared to assess how well the CG models were able to represent the all-atom behavior.
With the developed CG model parameters and the multiscale modeling toolset, we built CG models of 27 combinations of RGDSP-functionalized hydrogels (three tether lengths Â nine peptide concentrations). The combination included three types of tether (MethG 2 RGDSP, MethG 4 RGDSP, and MethG 6 RGDSP) and nine peptide concentrations (1.7, 3.4, 5.1, 6.8, 8.5, 10.2, 11.9, 13.6, and 15.3 mM) for each type of tether, which were selected to match the corresponding experimental studies for these PFhydrogel systems. 12 With the multiscale modeling toolset, the initial polymer networks were generated by a MC method based on the on-lattice bond fluctuation model (BFM). 54, 55 To approximate the nine molar concentrations of peptide from 1.7 to 15.3 mM, we designed nine model systems containing 1-9 MethGmRGDSP. Each of the nine model systems contains 533 PEGDA monomers; therefore, the molar ratio of MethG, RGDSP to PEGDA varies from about 0.002 to 0.017, which agrees with the ranged considered in experiment. 12 In the MC simulations, the hydrogel surface structures were generated in orthogonal boxes with dimensions 88 Â 88 Â 25. The total thickness of the surface was 50 lattice units. Periodic boundary conditions were imposed in the x-y plane, and a harmonic potential was imposed in the zdirection to restrain all chain segments to be sampled within the range of 50 lattice units in the z-direction to represent the top and bottom surfaces of the hydrogel.
The formation of a crosslinked polymer network in modeling was set up to be consistent to the crosslinking process used experimentally, i.e., each end of the PEGDA monomer or the methacrylated end of the peptide tether can be linked by two ends of other monomers. All monomers were initially aligned on the lattice in their completely extended states and then dynamically relaxed based on the BFM algorithm. Bond-angle-bending and bond-rotation energy terms obtained in the CG force field were imposed in the system potential energy during the MC procedure of network generation to guide the local configuration of the lattice chain segments close to their equilibrium state of the off-lattice CG model. 39 The crosslinking process was modeled as a collision process in which crosslinking happens when two linkable chain ends meet (the distance between them is 2, ffiffi ffi 5 p , ffiffi ffi 6 p , or 3 lattice units). For each system, after the degree of crosslinking between all monomers reached the 97%, the on-lattice sampling process was stopped, and the final configuration was recorded and prepared for a transition to the off-lattice model. This degree of crosslinking was selected because it is sufficiently high so that the small amount of crosslinking defects will not cause significant influence on the properties of the hydrogel systems in the simulations. To transfer the network structure from the lattice to the off-lattice models, the coordinates of the lattice points were scaled by a factor of 1.36 Å for length rescaling. 39 After transforming from the lattice model to the offlattice CG model, the final dimensions of the crosslinked surface structures were about 120 Â 120 Â 68 Å 3 . With this volume, we obtained 1.7, 3.4, 5.1, 6.8, 8.5, 10.2, 11.9, 13.6, and 15.3 mM loadings of peptide for the three types of MethG m RGDSP-functionalized hydrogels (m ¼ 2, 4, and 6).
As a final step to form the hydrogels, each crosslinked surface structure was then immersed into a CG water box with dimensions 120 Â 120 Â 160 Å 3 . All water CG beads within 2.5 Å distance away from a solute bead were then removed to prevent CG-bead overlaps. Each hydrogel system with periodic boundary condition imposed in all directions was then energy minimized and then equilibrated with MD simulation for 50 ns. Since the molecular systems in modeling are much smaller in size than the actual systems in experiments, one specific network configuration in modeling is not able to represent the entire structure of a real hydrogel system but rather only represents a limited sampling of the actual material. Therefore, to improve the calculation accuracy, for each tether length and concentration in the hydrogel studied in this work, we prepared six independent initial configurations of each hydrogel system with the same degree of crosslinking and then calculated the ensemble average based on the six independent trajectories. Thus, 162 independent molecular systems of the PEG-based PF hydrogels were generated overall.
All simulations were conducted using the LAMMPS program. 56, 57 For each individual system, four independent trajectories were generated using the MD method to improve the sampling efficiency. Each system was initially energy minimized for 2000 steps using the conjugate gradient method. 58 The MD simulations were then performed using the Nos e-Hoover algorithm 59,60 under constant volume and temperature conditions. Timesteps of 1.0 and 2.0 fs were used for simulations using the all-atom and CG models, respectively. For the AA simulations, covalent bonds involving hydrogen atoms were constrained using the SHAKE algorithm, 61 and the water molecules for the AA models were represented by the modified TIP3P water model for PCFF. 48 A dielectric constant value of 35, which resulted from the parameterization of the nonbonded interactions introduced in Sec. IV A, was used for all CG simulations.
For all simulations, the nonbonded vdW and electrostatic interactions were treated with real-space cutoffs of 12 and 10 Å , respectively.
IV. RESULTS AND DISCUSSION
A. Parameterization of coarse-grained model
The parameterization of the nonbonded interactions for water was conducted based on the standard Martini CG model of water, 46 in which four atomic water molecules are coarse-grained as a single bead (4:1) with neutral charge. The water bead defined in the standard Martini model has level I interaction strength with e ¼ 1.195 kcal/mol and r ¼ 4.7 Å . 46 The CG water parameters were developed based on PCFF in this work and the Martini parameters were used as an initial guess for parameter fitting. Specifically, we fixed the value of r ¼ 4.7 Å and iteratively adjusted the well depth e until the calculated RDF profile converged to that given by Martini CG model of water. Figure 2 shows the converged mapping result of RDFs calculated by the CG models of water based on PCFF and standard Martini parameters. 47 The standard Martini neutral water model is substantially nonpolar and may cause water to freeze at room temperature. To prevent freezing, Marrink et al. introduced a small amount of "antifreeze" particles into the bulk of CG water to disturb the freezing process. 46 In the present work, we also mixed 1% antifreeze agents (bead type BP4) in WP4 waters to prevent freezing. The nonbonded parameters for the BP4 beads were quantified similar to the Martini model, in which r was scaled up to 5.7 Å , and e was set to about 1.12 times greater than the WP4 water bead. The parameters for the WP4 and BP4 beads are presented in Table I .
The parameterization of the ten types of CG beads included in the PF-hydrogel network was conducted based on 10 wt. % aqueous solutions of the small compounds presented in Fig. 1 that have similar atomic structures to the super-atom groups in their respective CG representation. Starting from the initial RDF obtained from atomistic calculations, the nonbonded interaction parameters were calculated by an iterative Boltzmann inversion scheme. For each of these CG beads, the electrostatic interaction was implicitly partitioned into the vdW interaction term. For each type of bead with neural charge, the parameters r and e were adjusted iteratively until the calculated RDF matched well with the corresponding AA result. For beads R and D, which represented positively and negatively charged segments, respectively, three parameters including r, e, and the value of the dielectric constant of water were all iteratively adjusted till the RDFs calculated by the CG models of aqueous solutions of pure R and D and their 1:1 mixture agreed well with the corresponding AA results. The results of r and e for all types of beads are presented in Table I . As examples, we show in Fig. 3 the results of RDFs calculated based on AA and CG models of aqueous solutions of R and D and their 1:1 mixture. In each plot, the RDFs from the CG simulations (open squares) reproduce the target distribution calculated by the AA model (lines) very well, with some deviations that are inherently due to the representation of asymmetric groups of individual atoms as spherically symmetric beads in the CG models.
The parameterization for the bonded interactions was conducted based on the AA simulations of the 29 types of 4mer conformers in aqueous solution, from which the target probability distributions of various types of bond lengths, bond angles, and dihedral angles were determined and the initial guesses of bonded parameters of the CG force field were fitted based on Eqs. (1)-(3). The CG model parameters were then iteratively optimized by mapping the corresponding target profiles. The CG model parameters for 14 types of bond-stretching interactions, 20 types of bond-angle bending interactions, and 29 types of bond-rotation interactions are given in Tables II, III , and IV, respectively.
B. Simulation results for single chains
As shown in Fig. 1 , the PEGDA crosslinker mainly contains ethylene-oxide segments corresponding to the predominant type of bead C in the CG model, and crosslinker MethG m RGDSP (m ¼ 2, 4, and 6) mainly contains glycine segments corresponding to the predominant type of bead G in the CG model. Therefore, the accuracy of bonded and nonbonded CG parameters for these two types of beads is important for our simulations. AA and CG simulations were therefore first carried out to assess the behavior of aqueous solutions of single PEO37 and GLY16 chains for parameter validation, and then were carried out for aqueous solutions of single PEGDA and MethG 4 RGDSP crosslinkers which contain each type of CG bead for the further validation of the CG parameters. For all of these single chain aqueous solutions, we calculated the root-mean-square values of the end-to-end distances (hR e i) and the radius of gyration (hR g i) for each chain. Comparisons of these properties were then made between the atomistic and the CG models. Figure 4 compares the distribution profiles of hR e i calculated based on the AA (red lines) and CG (black lines) models for the different chains, and the ensemble averages of hR e i and hR g i obtained from these calculations are given in Table V . For PEO37, the CG results closely agree with both the AA results and the simulation results by Lee et al. based on the Martini CG force field. 32 There are no available published results of GLY16, PEGDA, or MethG 4 RGDSP for comparison, but from the comparisons of the calculated chain conformation characterized by hR e i and hR g i for these chains, as presented in Table V , the CG results closely agree with the AA results for each chain in aqueous solution. These combined results show that the current CG models of the crosslinkers are able to accurately represent the behavior of the AA models of the crosslinkers in water, thus providing validation of the intrachain behavior for our CG parameter set developed based on PCFF. Fig. 5 for the MethG 2 RGDSP-, MethG 4 RGDSP-, and MethG 6 RGDSP-functionalized hydrogels. The effects of RGDSP peptide concentration and tether length can be directly observed from the comparison of these results. For each type of tether, a small change of the peptide concentration is shown to cause significant changes in the cell attachment numbers over the low peptide concentrations, which we attribute to the increased surface accessibility of the peptide. Taking into account the rather large error bars, the cell adhesion results indicates that the cell attachment number becomes saturated after the peptide concentration increases up to about 6 mM for the MethG 4 RGDSP and MethG 6 RGDSP systems-but for the MethG 2 RGDSP system, the cellular response has yet not saturated at this peptide concentration. The MethG 4 RGDSP and MethG 6 RGDSP systems show similar saturation numbers of attached cells and are about a factor of 2.5Â greater than that of the MethG 2 RGDSP system at 6 mM peptide concentration, suggesting that the longer tethers improve the accessibility of the peptide at the hydrogel surface.
Using the multiscale modeling toolset, we studied the accessibility of the RGDSP peptide at the surfaces of the hydrogels functionalized by MethG 2 RGDSP, MethG 4 RGDSP, and MethG 6 RGDSP with different peptide concentrations in the hydrogel matrix. Figure 6 presents the evolution of the potential energy as a function of equilibration time for the 15.3 mM MethG 4 RGDSP functionalized hydrogel system, which provides indication that our system has equilibrated within 50-ns of sampling. Figure 7 presents a typical configuration of the MethG 4 RGDSP functionalized hydrogel structure represented by the CG models, in which the beads colored red, green, and copper represent the tethered peptide, hydrogel matrix, and crosslinked chain ends, respectively, and the light blue dots represent the water in the system. To define the position of the hydrogel surface, we calculated the density distribution for the CG beads contained in the PEGDA hydrogel matrix for x-y planes as a function the z-coordinate, with the x-y planes being parallel to the hydrogel surface and the zcoordinate direction being normal to the surface. The normalized density probability profile of the PEGDA beads is plotted in Fig. 8 , in which the average surface position is determined at 0.5 probability density compared to the bulk hydrogel matrix. As shown in Fig. 8 , the surface plane is thus designated to be located at jz À z c j ¼ 40 Å , where z is the coordinate in the direction normal to the surface plane and z c is the position of the midplane of the hydrogel matrix.
To estimate the surface accessibility of the peptide, we calculated the distribution of the center of mass of the RGDSP segments in the direction normal to the surface. Figures 9(a)-9(c) present the effects of peptide concentration on the surface accessibility of the RGDSP peptide with G2, G4 and G6 linker, respectively. The effect of tether length on the surface accessibility of peptide is presented in Fig. 10 . In each figure, the normalized density distribution profile of the center of mass of RGDSP is plotted as a function of the distance away from the center of the hydrogel. Figure 9 shows that as the concentration increases for the MethG m RGDSP (m ¼ 2, 4, and 6) system, instead of being evenly distributed within the hydrogel matrix, the peptides are shown to increasingly partition themselves to be positioned at the hydrogel surface, thus increasing their surface accessibility as needed for cell-receptor binding. This behavior thus indicates that, thermodynamically, the tethered peptide has a tendency to phase separate from the hydrogel matrix and be preferentially concentrated at the hydrogel-water interface. Figure 10 shows the effect of the tether length on the peptide accessibility at the hydrogel surface as a composite for all peptide concentrations with the designated tether length. This figure shows clearly that, in the systems with short tethers (G 2 ), the peptides are mainly partitioned inside the bulk of the hydrogel matrix with the G 2 tether not being sufficiently long to enable the peptide to concentrate at the hydrogel surface. In contrast, with the longer tethers (G 4 and G 6 ), the peptides are much more able to partition themselves away from the bulk of the hydrogel and move toward to the surface region, thus showing their thermodynamic preference for the hydrogel-water interface. As shown in Fig. 10 , the density probability profiles for the G 4 and G 6 tether lengths are quite similar.
For the three types of tether lengths, we also calculated the average height of the center of mass of the RGDSP peptides for the peptides that extended past the defined hydrogel surface plane (i.e., jz À z c j ¼ 40 Å ); these results are presented in Fig. 11 . As shown, the average heights of the RGDSP peptides above the surface for each of the different hydrogel systems are very similar. These results further reflect the behavior shown in Figs. 9 and 10 that the tethered peptides tend to be thermodynamically partitioned at the hydrogel-water interface and do not tend to extend out from this interface into the bulk aqueous solution. This behavior suggests that tether type used to link the peptide to the hydrogel matrix (i.e., a series of glycines) may be too hydrophobic to actually escape from the hydrogel and extend into the surrounding aqueous solution. Based on these results, we propose that a more hydrophilic tether may improve the bioactivity of the hydrogels by enabling the tethered peptides to extend further beyond the hydrogel surface and into the surrounding aqueous solution, which should make them more accessible for cell-receptor binding.
The results of the effects of peptide concentration and tether length on the surface accessibility of the peptide are consistent with the experimental observations 12 shown in Fig. 5 . Before saturation of cell attachment (Fig. 5 ), the attached number of cells increased as the concentration of peptide increased and the increase was more rapid for the longer tether systems. It is interesting to observe that, consistent with the modeling results shown in Figs. 9, 10, and 11, the G 4 and G 6 systems in the experimental results showed very similar behaviors in cell adhesion.
Orientation of the tethered peptides at the hydrogel surface
The asymmetry parameter, which indicates the average orientation relative to a reference direction, is a useful measure of the orientation of the tether-peptide construct near the hydrogel surface. Using a reference direction, z, which is normal to the surface, the asymmetry parameter, k z , is defined by 62
where hR gs 2 i z (s ¼ x, y, z) denotes the s component of the mean-square radius-of-gyration tensor of a tethered peptide at position z. Physically, k z ¼ 1 represents an orientation perfectly perpendicular to the hydrogel surface, and k z ¼ À0.5 indicates an orientation perfectly parallel with respect to the surface plane of the hydrogel. A 45 or completely random orientation results in k z being 0.00. The changes of the asymmetry parameters as a function of distance from the center of the hydrogel matrix are presented in Fig. 12 for the MethG 2 RGDSP, MethG 4 RGDSP, and MethG 6 RGDSP hydrogels. These plots show that, in general, the average value of k z within the hydrogel matrix below the surface plane (i.e., jz À zcj 40 Å ) tends to slightly increase as the length of the tether increases, indicating an increasing tendency to orient normal to the surface of the hydrogels that are functionalized with the longer tethers. This behavior goes along with the tendency of the tethered peptide to preferentially phase separate from the bulk hydrogel matrix and extend toward the surface of the hydrogel, as shown in Figs. 9 and 10. At the surface (or the interfacial region between the hydrogel matrix and surrounding bulk water; around jz À z c j ¼ 40 Å ), the values of k z show a dramatic difference between the tether lengths. In this region, above the hydrogel surface plane (i.e., jz À z c j > 40 Å ), the G 2 system exhibits a fairly random orientation. In contrast, the G 4 system shows strong preference to orient more perpendicular to the surface, which can be considered to position the tethered peptide in an orientation that should be more amenable for cell signaling. The longer-tethered G 6 systems, however, exhibits a rather deep minimum just above the hydrogel surface plane, which indicates a strong tendency to orient itself more parallel to the surface before tending to then turn slightly more perpendicular as it extends further from the surface plane. The orientation behavior of the MethG 6 RGDSP tethers at the surface thus indicates that, compared to MethG 4 RGDSP, the two additional glycine linkers in MethG 6 RGDSP cause stronger interaction with the molecular environment formed at the hydrogel-water interface, which may be considered more likely to inhibit the ability of the tethered peptide to be positioned in a manner that is needed for effective cell-receptor recognition. Although speculative at this time, this may explain the much greater variance in the cell binding response (i.e., longer error bars) observed experimentally for the MethG 6 RGDSP system compared to the MethG 4 RGDSP system as presented in Fig. 5 .
Surface density of the tethered peptides
The overall surface density of the RGDSP peptide is another important quantity in determining its accessibility for cell-receptor binding to the hydrogel surface, with a critical peptide surface density likely being required to achieve a saturation level of cell attachment, as indicated in the experimental data plots for cell binding versus peptide concentration shown in Fig. 5 .
For each simulated hydrogel system, the surface density, q s , was therefore calculated as 
where hn RGDSP i is the average mole number of RGDSP segments with the z-coordinate of the center of mass having a position of jz À z c j ! 40 Å , and S ¼ 120 Â 120 Å 2 is the surface area of the modeled hydrogel system. The calculated surface densities as a function of RGDSP concentration are presented in Fig. 13 for the MethG 2 RGDSP-, MethG 4 RGDSP-, and MethG 6 RGDSP-functionalized hydrogel systems, respectively. The straight solid line in each figure represents the linear fitting result. In general, the calculated values of q s of the two longer tether systems (MethG 4 RGDSP and MethG 6 RGDSP) are greater than those of the shortest tether system (MethG 2 RGDSP) for each concentration of the peptide, indicating that the longer tether lengths are better able to present the peptide at the hydrogel surface. Again, similar q s values are found for both the MethG 4 RGDSP and MethG 6 RGDSP systems, which shows agreement with the experimental data on the cellular adhesion response plotted in Fig. 5 . As shown in Fig. 13 , the linear fitting results in similar slope [0.003 (lmol/ m 2 )/mM] for both of these systems. Based on the experimentally measured cell adsorption data ( Fig. 5 ) and the calculated surface density results, we are able to predict the required critical surface density of peptide to saturate the cellular adhesion response on the hydrogel surfaces. Specifically, it is observed experimentally in Fig. 5 that cell adhesion saturation happened on the surface of the MethG 4 RGDSP and MethG 6 RGDSP hydrogels for about 6 mM peptide concentration (corresponding to the beginning of the plateau region of the fitted sigmoidal curves). From Fig. 11 , the corresponding surface density at 6 mM peptide concentration is about 0.016 lmol/m 2 (horizontal dashed line). Based on this value representing the critical surface density of the peptide needed to maximize the cellular adhesion response, our simulation results can thus provide guidance for the design of other similar PF-hydrogel systems. By combining the data sets obtained from Figs. 5 and 13, the cell adhesion number obtained from experiment can be plotted versus the peptide surface concentration density obtained from simulation for each peptide loading in the hydrogel (Fig. 14) . As clearly shown from this plot, the G 4 and G 6 tether lengths provide substantially greater cell adhesion than the G 2 tether length for a given peptide surface concentration, thus indicating that the longer tether lengths present the peptide in a manner that is more conducive to cell adhesion. Figures 13 and 14 thus demonstrate examples of how results from the molecular simulations can provide insights into the molecular behavior of the PF-hydrogels that influence their bioactivity that cannot be obtained by the experimental studies alone.
V. CONCLUSIONS
In this work, we have developed CG models for peptidefunctionalized hydrogels formed from PEGDA and MethG m RGDSP crosslinkers for Gly-tether lengths of m ¼ 2, 4, and 6. A combination of the CG model and a multiscale modeling method enabled us to investigate the accessibility of the peptides at the surface of the hydrogels. Based on the ensemble of states generated in the simulations for the 27 combinations of PF-hydrogels (3 tether lengths Â 9 peptide concentrations), the effects of peptide concentration and tether length on the peptide surface accessibility have been examined.
Our studies indicate that for this PF-hydrogel system, as the peptide concentration and the length of tether increase, the peptides tend to thermodynamically partition away from the bulk phase of the hydrogel and move toward the surface region. The results further show that, using sequences of the relatively hydrophobic glycine amino acid for the tether, the tethered peptides tend to concentrate at the hydrogel-water interface rather than extending further out into the surrounding aqueous solution as the tether length is increased from four to six glycines. Based on the assumption that better cell-receptor accessibility will be provided as the peptide is able to extend further from the hydrogel surface and out into the surrounding aqueous solution, these results thus suggest that use of a more hydrophilic tether may improve the performance of this PEGDA-MethG m RGDSP hydrogel system.
For the hydrogel systems studied in this work, the probability density of the tethered peptide for the MethG 4 RGDSP and MethG 6 RGDSP hydrogels were quite similar, with these systems both providing enhanced surface accessibility compared to the MethG 2 RGDSP system for a given peptide concentration. These simulation results agree very well with the corresponding available experimental cell adhesion measurements. In addition to the distribution of the peptide in the hydrogel, the simulations also enabled us to predict the orientation and the surface concentration of the peptide at the surface of the hydrogel as well as the critical surface concentration required to attain maximum cellular adhesion. We propose that each of these metrics provides important parameters for characterizing and understanding PF-hydrogel structure and subsequent bioactivity. In conclusion, the multiscale modeling toolset developed in our series of studies has been successfully applied to characterize the molecular structure of a specific type of PFhydrogel. The simulation methods combined with the CG models are able to efficiently predict the structure and bioactivity of the PF-hydrogels. We propose that these methods have the potential to provide a powerful new tool for hydrogel design for tissue engineering and regenerative medicine to optimize cellular response.
